We study the nonlinear optical properties of lithium niobate (LiNbO 3 ) nanowires (NWs) fabricated by a top-down ion beam enhanced etching method. First, we demonstrate generation and propagation of the second-harmonic (SH) light in LiNbO 3 NWs of typical rectangular crosssections of 400 x 600 nm 2 and length from 10 to 50 μm. Then, we show local fluorescent excitation of 4',6-diamidino-2-phenylindole (DAPI) dye with the propagated SH signal in standard concentrations as for biological applications. By measuring the detected average power of the propagated fundamental harmonic (FH) and the SH signal at the output of the NWs, we directly prove the dominating role of the SH signal over possible twophoton excitation processes with the FH in the DAPI dye. We estimate that 63 ± 6 pW of the propagated SH average power is required for detectable dye excitation. Finally, we model the waveguiding of the SH light to determine the smallest NW cross-section (around 40x60 nm 2 ) which is potentially able to excite fluorescence with a FH intensity below the cell damage threshold. 
Introduction
Owing to their specific shape, nanowires (NW) are invaluable building blocks for various nanodevices and important components for future applications [1] [2] [3] . For instance, NWs are demonstrated to be useful for nanolasing [4] or light transportation [5] . More recently, a very interesting approach has been suggested which uses NWs in biological studies for performing localized imaging inside cells [6] . For this purpose, a NW has to be inserted into a cell which contains fluorescent material. Then, laser light is coupled into the NW and excites fluorescent material either with evanescent waves along the NW [7] or with the delivered light at the NW's opposite side [8] . Both of these demonstrated applications use linear optical excitations with visible light and still suffer from the illumination of the surrounding tissue. For a convenient discrimination of the incident light, nonlinear optical effects are widely exploited phenomena like in two-photon fluorescence microscopy [9] , second-harmonic generation (SHG) imaging [10] or coherent anti-Stokes Raman scattering techniques (CARS) [11] . Indeed, the contrast mechanism relies on converting the near infrared (NIR) incident laser wavelength into a different wavelength due to the nonlinear properties of the used materials. Moreover, NIR wavelengths provide an increase of the penetration distance by a decrease of the laser beam scattering in water and living tissue [12] .
Combining nonlinear effects and NWs has been demonstrated in semiconductor NWs as GaN [13] , ZnO [14] [15] [16] . This method provides a better control over the design and the crystal orientation of the NWs and allows fabrication of longer NWs (up to 100 µm).
We demonstrate the generation and propagation of the SH in the LiNbO 3 NWs. We show fluorescence excitation with the propagated SH signal in standard dye concentration solutions. We experimentally investigate the limits of the SH signal needed for sufficient detection of fluorescent emission in typical dye concentration. Finally, we model generation and waveguiding of the SH in the LiNbO 3 NWs to find the smallest possible NW crosssection, which still offers enough propagated SH signal to further excite fluorophores.
Sample preparation
The LiNbO 3 NWs are fabricated following the top-down IBEE method described in details elsewhere [29] . IBEE is based on the reduced chemical stability of LiNbO 3 after ion-beam irradiation. For the patterning of the NWs, a mask containing the nanoscale waveguides is written with electron beam lithography. A series of high energy argon ions (600 keV with a fluence of 7.2e14 cm 2 and 350, 150, 60 keV at 1.38e14 cm 2 ) is used to transfer this mask in the substrate. After removing the masking layer, a second irradiation with helium ions (285 keV at 5e16 cm
2
) damages a layer localized under the surface. The irradiated regions are subsequently removed by chemical wet etching in hydrofluoric acid forming free-standing LiNbO 3 NWs with typical rectangular cross-section between 400 and 600 nm.
The NWs are oriented on the LiNbO 3 substrate so that the crystal axes X and Z are parallel to the height and width of NWs, respectively. Since the substrate can generate unwanted background SH signals, the NWs are detached by ultrasonication in ethanol. Thus, we obtain a solution of LiNbO 3 NWs with various lengths, usually from 10 up to 50 μm, depending on where the NWs break.
The samples for the experiment are prepared by dropping several microliters of NWsethanol solution onto a glass slide. The glass slide has a numbered pattern so that the position of a NW can be identified and the same NW can be studied repeatedly. Figures 1(a) and 1(b) shows a scanning electron microscopy (SEM) picture of a typical LiNbO 3 NW on a glass substrate. Depending on the experiment, we drop 10 µl of either water (for the SH measurements) or dyes solution (for the fluorescence measurements) onto the dried NW sample. In order to prevent evaporation, we seal the sample with a cover slip.
The dyes solution is prepared by mixing water and 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) at different concentrations. We have chosen DAPI dye because it is widely used in biology for staining nuclei and membranes of cells [30, 31] . Owing to the broad peak of the DAPI absorption spectrum centered at 340 nm, the dye can be easily excited with the SH light which is generated with the fundamental wavelength (760 nm) from a Ti:Sapphire oscillator. In addition, the DAPI dye's emission wavelength is centered at 488 nm and is therefore well distinct from the excitation [32].
Experimental setup
For the SH and the fluorescence imaging experiments, we use a home-built transmission optical microscope [18] . A Ti:Sapphire laser with a 283-fs pulsed beam at wavelength of 760 nm wavelength and 80 MHz repetition rate is focused with a 10x objective onto a sample with NWs to a beam spot of 4 µm. The slightly focused laser beam is used to relax the condition on the position of the NW and to ensure reproducible and stable coupling configuration. The NW lies on a glass substrate and the focused laser beam falls perpendicularly in respect to the sample and illuminates one of the NW ends. The SH and fluorescence signals are collected from the sample by a 100x objective and focused with a 250-mm lens onto a cooled electronmultiplied charge-coupled device (EMCCD) camera.
The crystal structure of the LiNbO 3 NWs requires certain polarization of the incident light to take advantage of the largest susceptibility tensor components of the material [27] and as a result to achieve the maximal amount of the SH. Therefore, we use a half-wave plate at the entrance of the experimental setup to optimize the polarization of the incident laser beam.
Depending on the spectral range of the studied signals, we use corresponding filters in front of the EMCCD. Thus, we employ a band-pass filter to suppress the infrared beam and to observe the SH signal. A long-pass filter is added to remove the SH signal when the fluorescence signal is to be detected. In addition, the collecting objective is mounted on a miniature translation stage. It allows changing the distance between the collecting objective and the sample and therefore to compensate the change of the objective's focal length due to the wavelength tuning.
Experimental results and discussion

Propagation of the fundamental harmonic (FH) and SH signals in LiNbO 3 NWs
First, we demonstrate the propagation of the FH and SH signals through a NW. For the experiment, we prepare a sample with NWs in water with a sealed cover slip. After we couple the FH signal at 760 nm into a NW by illuminating one of its ends with a focused laser beam, we observe the same wavelength at the opposite end of the NW.
If we block the FH with a band-pass filter centered at 470 nm with a bandwidth of ± 110 nm at the camera input, we observe a strong signal at the NW input and a weaker signal at the output. Both signals disappear when the NW is moved out of the laser beam spot. Figure 2(a) shows the white-light image of one of the studied NWs and Fig. 2(b) displays the signals which are observed at both NW ends when we bring the band-pass filter into the setup. In order to clear the nature of the observed signal, we measure the power dependence of the detected signal while varying the incident laser beam power. The power is calculated by integrating the signal from each pixel of the taken image and by taking into account the setup's transmissivity, the camera's sensitivity and acquisition parameters. In Fig. 2(c) , we plot the dependence of the output signal on the incident laser beam power. The good correspondence to the quadratic fit proves that the observed signal is indeed a second-order nonlinear effect such as SHG. In our setup configuration, we detect the portions of the total propagated FH and SH signals that are scattered towards the camera at the NW output facet. Besides the signals at the NW ends, we also detect a weak SH light along the NW. We refer it to a result of scattering of the propagating SH by the NW surface roughness [19, 33] . The performed experiments show that LiNbO 3 NWs can be used not only for guiding the FH signal but also for generating and guiding the SH. However, it is not clear which process stands behind this observation. The propagation process is probably a combination of waveguiding and scattering which are affected by the input facet and the surface roughness of the NW. Therefore, since we do not know the propagation process, the field distribution inside the NW is unknown. Identification of the dominating mechanism may help optimise the NW design for generating and propagating stronger SH signal and is currently under investigation in our group.
We have measured the average power values of the detected FH and SH signals at the outputs of several NWs at the same average power of the laser beam (85 ± 3 mW). Prior to the measurements, the laser beam polarization is set for each NW so that the maximum SH signal at the NW output is achieved. The incident laser beam polarization at which the maximum of the propagated SH signal is achieved varies for each NW. Indeed, it depends on the NW facets design and the crystal structure orientation in space with respect to the incident beam. Both influence the coupling of the IR into the NW and consequently the generated and propagated SH. Note that the NW crystal structure may have two possible orientations in space with respect to the laser beam propagation direction. Depending on the side that touches the substrate, the Z-axis of the crystal is either perpendicular or parallel to the laser beam propagation direction. Due to the setup configuration with a wide laser beam (4 µm diameter) impinging perpendicularly on the NWs end (400 to 650 nm width), the coupling is quite inefficient. The average power of the FH transported by the studied NWs varies between 90 ± 10 nW and 441 ± 44 nW at the outputs of several NW. We explain this large variation by various scattering processes at the facets that may strongly influence the in-and out-coupling. Furthermore, the propagated SH is affected by the amount of the coupled FH light and varies from infinitely low values up to 2.57 ± 0.26 nW.
Besides the low coupling, the SH signal is also expected to depend on the NW design. Firstly, the SH signal is expected to vary periodically along the NW according to the undepleted pump approximation as the NW is longer than the coherence length of the SH process (for example, according to the waveguiding modeling we discuss in Subsection 4.5, the coherence length in the above-studied NW varies between 0.45 and 0.53 µm) and the FH signal is considerably higher than the generated SH signal [27] . Secondly, the cross-section design is expected to have an influence on the conversion efficiency between the FH and SH signals which propagate inside a NW [34].
Observation of the fluorescent dye excitation
In the next experiment, we demonstrate fluorescent dye excitation with the output signal of the NW. For the experiment, we prepare a sample with NWs in DAPI dye solution. After filtering out the FH and SH in front of the camera, we obtain a signal which is not present in samples without dye.
In Figs. 3(a) and 3(b), we demonstrate the detection of 17.6 ± 1.9 fW and 2.4 ± 1.2 fW of the fluorescence signal at the output of the NW in dye solutions with concentration of 1 µg/ml and 50 ng/ml, respectively. We also detect signals at the illumination area and along the NW. The detected signal at the illumination area is a mixture of the laser beam light leaked through the filters and the fluorescence signal excited with the SH signals that is generated at the NW input. The weak fluorescence signal along the NW is most probably excited with the propagated SH signal which is scattered by the surface roughness of the NW [19, 33] . By repeating the measurement after a defined period of time, we have noticed an increase of the fluorescence signal. For instance, the fluorescence signal for one of our samples has increased 28 times after keeping a NW in 1 µg/ml dye solution for two weeks. We explain this counter-intuitive effect by settling of the dye on NWs. In other words, the dye tends to deposit on the NW and the concentration must therefore increase dramatically. Therefore, all results which are presented in this paper are obtained with fresh samples to avoid dyes accumulation on the NWs.
It is worth noticing that both used dye concentrations belong to a concentration range which is usually used for cell staining [35, 36] . Thus, the use of a NW for fluorescence excitation does not require higher dye concentration and can be applied for cell studies.
Contribution of the propagated FH and the SH signals to the dye excitation
As we have shown above, the NWs transport not only the SH but also the FH light. As a result, both propagated signals may contribute to the excitation of the fluorescence through the single-photon absorption (SPA) or the two-photon absorption (TPA) processes, respectively. In order to clear out, which process is dominant, we employ rate equations for the SPA and TPA processes [37] and estimate the contributions of the SH and FH signals to the fluorescence excitation in a 1 µg/ml DAPI dye solution following the absorption laws described in Table 1 . The calculations show that though NWs deliver more FH signal than SH, the FH light has a negligible contribution to the fluorescence excitation in comparison with the SH signal. For the comparison, we take the values of the FH and SH signals which are detected at the output of one of the NWs we have discussed in Subsection 4.1. Thus, 441 ± 44 nW of the FH signal do not excite any fluorescence photons, whereas 2.57 ± 0.26 nW of the SH are expected to excite 1.028 ± 0.104 pW of the fluorescence signal. As a result, the SH signal has an overwhelming impact onto the fluorescence signal excitation.
Quantification of the SH power limits for the dye excitation
In order for a NW to excite detectable fluorescence signal, the propagated SH light has to surpass a certain threshold value. This threshold value depends on the dye concentration, the irradiation wavelength and the sensitivity of the camera.
As discussed above, NWs provide a variation of the propagated SH power depending on the SHG conversion efficiency. Thus, some NWs may require illumination of higher beam power in order to propagate enough SH signal and to excite detectable fluorescence signal. Nevertheless, the illuminated laser beam power itself should not exceed a certain power above which an irradiated cell may get damaged [41] . As a result, some NWs may possess too low efficiency for safe study of cells.
In order to sort low-efficient NWs and NWs which can be applied for the dye excitation experiments, one has to know the threshold value for the propagated SH power in a defined dye concentration. Here, we experimentally determine the minimal value of the SH power at which we achieve detectable fluorescence in 1 µg/ml DAPI dye concentration.
For this task, we perform two experiments. In the first one, we measure the detected power of the propagated SH signal in a NW sample. In the second one, we estimate the power of the fluorescence signal. As only 0.0004% (See Subsection 4.3) of the SH signal is expected to be absorbed in our dyes sample, we perform both the SH and fluorescence measurements in the sample with the DAPI dye solution. It enables us to keep the same coupling conditions, polarization and power of the incident laser beam while performing the SH and fluorescence measurements.
In Fig. 4(a) , one can see the SH and fluorescence power values for one of the NWs at various values of the average power of the incident laser beam.
In order to find the limiting power of the propagated SH signal for the detectable dye excitation, we calculate the signal-to-noise ratio (SNR) for the excited fluorescence signal at various values of the propagated SH signal and show the SNR values in Fig. 4(b) . The SNR is estimated by averaging the pixels with the fluorescence signal and dividing the achieved value by the standard deviation of the image noise. According to the Rose criterion, the image features can be unambiguously identified only for the images with the SNR above 5 [42] . As one can see in Fig. 4(b) , the fluorescence signal shows SNR below 5 for the average power of the SH signal below 63 ± 6 pW. As a result, we conclude that the average power of the propagated SH power above 63 ± 6 pW allows performing of the fluorescence imaging with a 1 µg/ml DAPI concentration. 
Modeling of the SH waveguiding
Though we propose to apply the LiNbO 3 NWs for cell studies, their cross-sections are relatively large for safe cell penetration. As a consequence, NWs with decreased crosssections have to be used. However, thinner NWs may lead to a weaker SHG effect due to its volume dependence. Furthermore, a smaller NW cross-section may result in lower SH power than it is required for detectable dye excitation. Here, we perform simulations to check whether the NWs with smaller cross-section are potentially able to provide enough SH power for dye excitation.
The simulations assume the waveguiding process and undepleted pump approximation [27] and use COMSOL RF module and a semianalytical model [34] . The RF module finds the FH and SH modes which are supported by a certain NW cross-section. The semianalytical model is employed to find the contribution dynamics of the FH modes to the SHG process. As a result, for each cross-section, we find the most efficient FH mode which gives the highest contribution to the SHG.
Finally, we estimate the amount of the SH signal to be delivered by a NW of a defined cross-section by assuming only the most efficient FH mode to propagate inside the NW and to carry the highest power which does not cause death of the cell. For the parameters of the used laser, the highest allowed average power is estimated to be 18.5 mW [41] . In the modeling, we also assume that the propagated FH signal keeps the pulse duration of the incident laser beam τ and the propagated SH signal has a pulse duration of τ/1.41 [43] .
In the model, we vary the NW width and height from 30 up to 100 nm with steps of 10 nm. The modeling is performed for six possible crystal structures varying the crystal axes parallel to the NW width, height and length. Having performed the simulations for each crystal structure, we find the smallest cross-section at which the NW provides enough SH signal for detectable dye excitation. For this goal, we compare the simulation results with the above-defined threshold of the SH average power for detectable dye excitation (63 ± 6 pW).
The simulations show that only NWs possessing three out of the six studied crystal structures are potentially able to provide an average power of the propagated SH signal above the set threshold value for the NW cross-section size below 100x100 nm 2 . For the NWs with these three crystal structures, we summarize the simulation results of the limiting crosssection size and the corresponding predicted average power of the propagated SH signal in Table 2 . As a result, the LiNbO 3 NWs with certain crystal structure and with cross-sections below 100x100 nm 2 provide enough SH signal for detectable dye excitation. In addition, the modeling results show that the NW with crystal axes X and Z parallel to the height and width, respectively, are expected to show the highest conversion efficiency.
Note that with cross-sections as small as mentioned in Table 2 , a considerably bigger fraction of the guided modes propagates outside the NWs. However, this should not disturb the potential for dye excitation since all the SH power is delivered to the NW tip, where the dye is only expected to be.
We like to note that since minimization of the NW cross-sections leads to the increase of the mode fraction propagating outside the NW and to the decrease of the NW volume, the SH signal from the surface may start to play a role and to contribute to the total SH light [22, 44] . Nevertheless, we have not considered this effect in our model. Consequently, the modeling proves that the LiNbO 3 NWs can potentially be used for DAPI dye excitation. Thus, there are two main challenges arising. First, the limits of the fabrication method have to be studied and pushed to produce the NWs with the cross-sections below 100x100 nm 2 . Second, the coupling efficiency of the FH laser beam has to be increased in order to couple a larger part of the incident laser beam power into a NW and to achieve higher power of the FH signal in NWs. Possible ways to achieve this goal include modification of the input facet profile [45, 46] and change of the coupling method [8] .
Conclusion
We have demonstrated the generation and propagation of the SH signal in LiNbO 3 NWs with the measurements of the detected average output power. We have also shown fluorescent dye excitation with the propagated signal. As the fluorescence is obtained in standard concentrations of the DAPI dye solution, the frequency conversion is efficient enough in such NWs.
Unlike other works dedicated to the SHG in NWs, we have quantified the detected power of the propagated FH and SH signals and, therefore, we have unambiguously proved that the fluorescence signal is mostly excited by the propagated SH signal and not by the two-photon absorption of the FH light.
We have also defined the range of the SH signal required for achieving detectable dye fluorescence signal. Knowing this range, we have modeled generation and waveguiding of the SH light in a NW and we have found the smallest NW cross-section, at which a NW is potentially able to provide enough SH light for detectable dye excitation. Such design below 100x100 nm 2 in cross-section sizes will require demanding fabrication process that we are currently exploring.
The ways of increasing the amount of the propagated SH signal is also to be explored. For example, one can increase the amount of the propagated FH light by optimizing the coupling efficiency. In addition, one can synthesize a gold nanoshell around the NW surfaces to achieve enhancement of the SH signal by localized surface plasmon-polariton resonances in the near infrared spectral range [47, 48] .
As a result, we have shown that LiNbO 3 NWs have great potential in localized delivery of light. In addition, the NWs can be applied not only for bringing light at a certain location but also for collecting it [8] . Thus, the LiNbO 3 NWs are very promising types of nanomaterials in various future applications for both biological and non-biological purposes.
